Abstract: Focused electron beams can induce electromagnetic radiation from periodic surfaces. We have used low-energy electrons (1.5-6kV) to induce visible light emission from nanoscale gratings (50nm and 60nm). Our results coincide well with numerical simulations. Here, we report observation of optical Smith-Purcell radiation produced by nonrelativistic electron velocities (here β≤0.15) down to several percent of the speed of light. Figure 1 Illustration of our SEM-based experimental setup that is used to observe Smith-Purcell radiation. Inside the SEM vacuum chamber the sample is held so that its surface is almost parallel to the path of the electron beam. The emitted light is collected by an objective directed to a beam splitter (BS) that splits the optical beam to a fiber tip collector leading to a spectrometer (right of beam splitter) and a CCD camera (below the beam splitter). Lens 2 is used to image the surface of the sample on the CCD.
OCIS codes: (240.6675) Surface photoemission and photoelectron spectroscopy; (350.4238) Nanophotonics and photonic crystals
The recent advancement of nanoscale fabrication techniques has enabled the study of new fundamental effects and their applications involving the interaction of free electrons with light and matter. For instance, this creates new opportunities to explore the Smith-Purcell effect in plasmonic structures and metasurfaces [1, 2] . Such systems can be used as sources of visible and IR light that are completely tunable by changing the electron velocity [3] . The possibility of observing shorter wavelength emissions from relatively low-energy electrons (accessible with regular scanning or transmission electron microscopes, SEM or TEM) is a very promising field of research [4] , because of its exciting applications in various domains [5] . Early [3] and more recent [6] experimental demonstration of Smith-Purcell radiation relied on the use of relatively high energy electrons that are moderately or highly relativistic (generally β>0.3). Here, we report observation of optical Smith-Purcell radiation produced by nonrelativistic electron velocities (here β≤0.15) down to several percent of the speed of light. Figure 1 Illustration of our SEM-based experimental setup that is used to observe Smith-Purcell radiation. Inside the SEM vacuum chamber the sample is held so that its surface is almost parallel to the path of the electron beam. The emitted light is collected by an objective directed to a beam splitter (BS) that splits the optical beam to a fiber tip collector leading to a spectrometer (right of beam splitter) and a CCD camera (below the beam splitter). Lens 2 is used to image the surface of the sample on the CCD.
In our work, we have used an SEM that we modified ( Figure 1 ) to enable the alignment of free electrons to pass in closed proximity to the surface of a metal diffraction grating and collect the emitted light [1] . The emitted light was coupled out of the SEM chamber to a spectrometer. Gold diffraction gratings of period = 40 − 60 nm were shown to produce Smith-Purcell emission over the 395-654 nm range with low energy-electrons (1.5-6kV). Figure 2 shows the measured spectra from the gold grating. The spectra show a strong cathodoluminescence (CL) background around 550 nm, in addition to the tunable Smith-Purcell peak. We have fabricated these gratings with electron beam lithography (EBL) using a lift-off technique. They consist of high-quality-gold lines on a thick gold layer over a 200 μm × 200 μm area. The wavelengths corresponding to the peak in each spectrum are in excellent agreement with those predicted by the original work of Smith and Purcell [3] .
Our experimental observations are supported by time and frequency-domain simulations. Time-domain simulations are based on the formal equivalence between a 2D current density ( ⃗, ) = − ( − ) ( − ℎ) created by a single electron propagating at velocity (where ℎ is the impact parameter) and a polarization distribution such that ( ⃗, ) = . At each angle, we verify the wavelength radiated with maximum intensity corresponds to the theoretical prevision [3] .
The prospect of compact new sources of light that are highly tunable include numerous exciting applications, especially as Smith-Purcell radiation has yet to be experimentally demonstrated in regimes where regular lasers cannot exist like EUV and soft X-ray radiation. Furthermore, higher currents suggest the possibility of coherent emission that will also significantly increase the efficiency [7] .
